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Activation of the Interferon Induction Cascade by Influenza A Viruses 
Requires Viral RNA Synthesis and Nuclear Export 

Marian J. Killip, Matt Smith, David Jackson, Richard E. Randall 

School of Biology, Biomedical Sciences Research Complex, North Haugh, University of St. Andrews, St. Andrews, Fife, United Kingdom 
ABSTRACT 

We have examined the requirements for virus transcription and repUcation and thus the roles of input and progeny genomes in 
the generation of interferon (IFN) -inducing pathogen-associated molecular patterns (PAMPs) by influenza A viruses using in- 
hibitors of these processes. Using IFN regulatory factor 3 (IRF3) phosphorylation as a marker of activation of the IFN induction 
cascade that occurs upstream of the IFN-P promoter, we demonstrate strong activation of the IFN induction cascade in A549 
cells infected with a variety of influenza A viruses in the presence of cycloheximide or nudeoprotetn (NP) smaU interfering RNA 
(siRNA), which inhibits viral protein synthesis and thus complementary ribonudeoprotein (cRNP) and progeny viral RNP 
(vRNP) synthesis. In contrast, activation of the IFN induction cascade by influenza viruses was very effectively abrogated by 
treatment with actinomycin D and other transcription inhibitors, which correlated with the inhibition of the synthesis of aU vi- 
ral RNA species. Furthermore, 5,6-dicliloro-l-(i-D-ribofuranosyl-benzimidazole, an inhibitor that prevents viral RNA export 
from the nucleus, was also a potent inhibitor of IRF3 activation; thus, both viral RNA synthesis and nuclear export are required 
for IFN induction by influenza A viruses. While the exact nature of the viral PAMPs remains to be determined, our data suggest 
that in this experimental system the major influenza A virus PAMPs are distinct from those of incoming genomes or progeny 
vRNPs. 

IMPORTANCE 

The host interferon system exerts an extremely potent antiviral response that efficiently restricts virus replication and spread; 
the interferon response can thus dictate the outcome of a virus infection, and it is therefore important to understand how viruses 
induce interferon. Both input and progeny genomes have been linked to interferon induction by influenza viruses. However, our 
experiments in tissue culture ceUs show that viral RNA synthesis and nuclear export are required to activate this response. Fur- 
thermore, the interferon induction cascade is activated under conditions in which the synthesis of progeny genomes is inhibited. 
Therefore, in tissue culture ceUs, input and progeny genomes are not the predominant inducers of interferon generated by influ- 
enza A viruses; the major viral interferon inducer(s) stiU remains to be identified. 



The genome of influenza A viruses (lAVs) is carried by eight 
segments of negative-sense viral RNA (vRNA). Each vRNA 
segment is separately packaged into viral ribonudeoprotein 
(vRNP), in which it is associated with viral nucleoprotein (NP) 
and the viral polymerase complex. These vRNPs form helical 
structures in which the 3' and 5' termini are held in a closed 
conformation by the viral polymerase, while the remainder of the 
length of the RNA is encapsidated by multiple monomers of NP 
(reviewed in reference 1). The viral polymerase is responsible for 
both the transcription and replication of vRNPs, which occur in 
the nuclei of infected cells, unlike most other RNA viruses. The 
polymerase generates viral mRNA transcripts using vRNPs as a 
template; this process requires the polymerase cap-snatching ac- 
tivity to cleave 10- to 15-nucleotide (nt) RNA fragments from the 
5' ends of cellular pre-mRNAs that function as primers for viral 
mRNA synthesis. In addition, a polyuridine stretch at the 5' end of 
each genome segment directs the polyadenylation of viral tran- 
scripts. To replicate the virus genome, the viral polymerase first 
synthesizes cRNA, the full-length complement of vRNA, which is 
packaged into complementary RNPs (cRNPs); cRNPs function as 
a replicative intermediate that directs the synthesis of large num- 
bers of progeny vRNPs, from which secondary transcription can 
occur prior to their nuclear export and assembly into progeny 
virions. 

The interferons (IFNs) are a family of cytokines produced in 



response to virus infection that can potentially exert powerful an- 
tiviral effects through the upregulation of many different interfer- 
on-stimulated genes (ISGs) in both infected cells and neighboring 
uninfected cells. Thus, the IFN response very effectively restricts 
virus replication and spread (reviewed in reference 2), and as a 
result, most viruses encode antagonists of this response. For influ- 
enza viruses, the principal IFN antagonist is the small multifunc- 
tional NSl protein that targets the IFN system at multiple stages 
(reviewed in references 3 and 4). IFN is induced during RNA virus 
infections through the detection of viral pathogen-associated mo- 
lecular patterns (PAMPs) by cellular pathogen recognition recep- 
tors (PRRs). The principal PRRs involved in detecting RNA virus 
infections are the cytosolic RNA helicases RIG-I and MDA-5; 
PAMP binding to these receptors activates a downstream signal- 
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ing pathway that culminates in the activation and nuclear trans- 
location of the ATF2/c-Jun, NF-kB, and IFN regulatory factor 3 
(IRF3) transcription factors and subsequent transcription from 
the IFN-P promoter. IFN induction by influenza A viruses is 
thought to occur primarily through RIG-I activation (5-7). Much 
previous work has been carried out in order to characterize the 
RNA ligands capable of activating RIG-I in vitro; it is now gener- 
ally thought that RIG-I activation requires short blunt-ended 
double-stranded RNA (dsRNA) with a free 5'ppp group (re- 
viewed in reference 8), although single-stranded RNA with com- 
plementary termini that can form panhandle structures contain- 
ing small stretches of dsRNA are also able to activate RIG-I (9, 10). 
It has therefore been suggested that base pairing between the par- 
tially complementary 3' and 5' termini of the influenza virus ge- 
nome is responsible for RIG-I activation by this virus (7, 11), 
although the requirement for bound viral polymerase in the main- 
tenance of this base pairing (12) may preclude RIG-I binding to 
the genome termini. The nature of the viral RNA that associates 
with RIG-I during influenza virus infections has previously been 
examined by deep sequencing (7); in that study, RIG-I was found 
to associate with sequences mapping to subgenomic viral RNAs 
(associated with defective viruses) and the shorter genome seg- 
ments. However, since all RNA species that immunoprecipitated 
with RIG-I were sequenced in this analysis, no distinction was 
made as to whether these RNAs were vRNA, cRNA, or mRNA. 
The relative contributions of virus replication and transcription to 
IFN induction by influenza virus were examined in another study 
using vRNP reconstitution experiments ( 1 1 ) ; here, it was reported 
that IFN induction required progeny vRNA synthesis but not vi- 
rus transcription. The ability of progeny genomes to induce IFN 
has not been demonstrated within infected cells, however, and it 
therefore remains unclear whether input or progeny genomes or 
indeed another RNA species generated during infection is pre- 
dominantly responsible for IFN induction during virus infection. 
In this regard, it is possible that several different types of PAMP are 
generated or exposed in infected cells, and their relative contribu- 
tions to overall IFN induction during a virus infection may vary 
considerably. 

In this study, we have examined the effects of several inhibitors 
of viral polymerase replication and/or transcription activities on 
activation of the IFN induction cascade in A549 cells and corre- 
lated this with the effects of these inhibitors on viral RNA synthe- 
sis; this analysis permitted us to determine the contributions of 
input and progeny virus genomes to IFN induction within in- 
fected cells. We demonstrate that for several different influenza 
viruses, strong activation of the IFN induction cascade can occur 
under conditions in which viral replication is inhibited. We also 
demonstrate that input vRNPs do not function as PAMPs since 
activation of the IFN induction cascade was sensitive to drugs that 
inhibited both viral transcription and replication. Thus, a major 
PAMP responsible for IFN induction by influenza A viruses in this 
experimental system requires viral RNA synthesis, but not ge- 
nome replication, for its generation. 

MATERIALS AND METHODS 

Cells and inhibitors. A549, MRC-5, and MDCK cells (all from the Euro- 
pean Collection of Cell Cultures [ECACC]) and their derivatives were 
grown as monolayers in Dulbecco's modified Eagle's medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS) at iT'C. Cycloheximide 
(CHX; used at 50 |xg/ml), actinomycin D (ActD; used at 1 |xg/ml), or 



5,6-dichloro-l-P-D-ribofuranosyl-benzimidazole (DRB; 250 ixM) was 
added to the medium at the time of infection, as indicated. Alpha-amani- 
tin was used at 20 |JLg/ml and required a 1-h period of pretreatment before 
virus infection in order to efficiently inhibit viral protein synthesis (data 
not shown). Poly{I-C) transfections were carried out as described else- 
where (13). Small interfering RNA { siRNA) transfections were carried out 
using DharmaFECT (Thermo Scientific) according to the manufacturer's 
instructions. The sequences of NP-1496 and NP-231 siRNAs and their 
effects on influenza virus replication have been described previously ( 14) 
and were synthesized by Thermo Scientific. ON-TARGETplus Non-Tar- 
geting Pool (Thermo Scientific) was used as nontarget control siRNA. 

Virus infections. The influenza A virus stocks of A/Udorn/72 (H3N2) 
(Ud), A/PR/8/34 (HlNl) (PR8), and A/WSN/33 (HlNl) (WSN) were 
generated by a low multiplicity of infection (MOI; 0.001 PFU/cell) in 
MDCK cells in serum-free DMEM supplemented with 2 (xg/ml N-acetyl 
trypsin (Sigma) at 37°C. Viruses were titrated on MDCK cells as previ- 
ously described (15). Recombinant NSl mutant viruses Ud-A99 (15) and 
PR8-ANS1 (16) were grown and titrated in IFN-defective MDCK cells 
expressing PIV5/V and BVDV/NPro (17, 18) or PR8/NS1 and BVDV/ 
NPro, respectively. PIV5-VAC vM2 was generated as previously described 
(19, 20), and Sendai virus (SeV) Cantell was purchased from Charles River 
Laboratories. Virus infections were carried out at the indicated multiplic- 
ities of infection in serum-free DMEM in the absence of trypsin. 

Immunoblotting and immunofluorescence. The procedures for im- 
munoblotting and immunofluorescence have been described previously 
(21, 22). Antibodies used for immunoblotting in this study included 
monoclonal antibodies raised against phospho-IRF3 (Cell Signaling 
Technology) and P-actin (Sigma) and polyclonal antibodies against total 
IRF3 (Santa Cruz) and ISG56 (Santa Cruz). Influenza virus NP and Ml 
proteins were detected using sheep antisera raised against purified and 
disrupted X31 virus, while NSl was detected using purified antisera pro- 
duced against PR8 NSl (both antisera produced by Diagnostics Scotland). 
In immunofluorescence studies, anti-IRF3 (Santa Cruz) and anti-p65 
(Cell Signaling) antibodies were used. Immunofluorescence was exam- 
ined using a Zeiss LSM 5 Exciter confocal microscope. 

In situ hybridization. Probes against NP mRNA for in situ hybridiza- 
tion were generated from linearized pcDNA-NP, a plasmid containing a 
cDNA copy of PR8 segment 5 (23) (a kind gift from P. Digard, University 
of Edinburgh), using a digoxigenin (DIG) RNA labeling kit (Roche) ac- 
cording to the manufacturer's instructions. A549 monolayers (seeded 
onto poly-L-lysine-treated coverslips) were infected and/or treated with 
drugs as indicated. At the desired time postinfection, coverslips were 
washed with phosphate-buffered saline (PBS), fixed in PBS-5% formal- 
dehyde for 15 min, and then washed twice in PBS for 5 min. Cells were 
treated with 2 |Ji.g/ml proteinase K (in 20 mM Tris [pH 7.5]-2 mM CaClj) 
at 37°C for 10 min and then rinsed twice in PBS-0.1% Tween 20. Cells 
were postfixed for 15 min at room temperature (RT) in PBS-5% formal- 
dehyde followed by permeabilization in PBS- 0.5% Triton X-100 supple- 
mented with 2 mM vanadyl ribonucleoside complexes (Sigma) for 1 5 min 
at RT with gentle shaking. Coverslips were washed three times in PBS for 
5 min at RT followed by incubation with a hybridization mixture (50% 
deionized formamide, IX Tris-EDTA [TE], 300 mM NaCl, IX Den- 
hardt's solution, 1 mM dithiothreitol [DTT], 1 U/fxl RNasin, 5% dextran 
sulfate [wt/vol], 500 jJi-g/ml tRNA, 200 (Jig/ml salmon sperm DNA) for 1 h 
at 55°C. During this period, labeled probe (100 ng per coverslip) in the 
hybridization mixture was heated to 95°C for 5 min, followed by quench- 
ing on ice for 10 min. Coverslips were incubated overnight with this 
probe-hybridization mixture at 55°C in a humidified chamber. Following 
hybridization, coverslips were sequentially washed with 2X SSC-10 mM 
Tris (pH 7.5) ( 15 min at RT) ( 1 X SSC is 0. 15 M NaCl plus 0.015 M sodium 
citrate), 0.1 X SSC-10 mM Tris (pH 7.5) (15 min at RT), 30% deionized 
formamide- 0. IX SSC-10 mM Tris (pH 7.5) (30 min at 55°C), and O.IX 
SSC-10 mMTris (pH 7.5) (5 min at RT). Bound probe was detected using 
alkaline phosphatase-conjugated anti-DIG antibody (Roche) and Fast 
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Red tablets (Roche). Fast Red fluorescence was examined with a Zeiss 
LSM 5 Exciter confocal microscope. 

Primer extension analysis. RNA was extracted from infected cells 
using TRIzol (Invitrogen), and the levels of vRNA, cRNA, and mRNA 
were examined by primer extension analyses as described previously (24) . 
[y-'^P]ATP (PerkinElmer) was used to radioactively label oligonucleo- 
tides (IDT) complementary to positive- and negative-sense PR8 viral 
RNA transcripts specific for the NP segment using T4 polynucleotide 
kinase (Thermoscientific) according to the manufacturer's instruc- 
tions (5'-CGTTCTCCATCAGTCTCCATCTGTTCG-3' andS'-GATG 
TGTCTTTCCAGGGGCGGG-3', respectively). A further primer com- 
plementary to cellular 5S RNA was included to demonstrate equal loading 
(25). Labeled oligonucleotides were annealed to total cellular RNA iso- 
lated as described and subsequently reverse transcribed to labeled cDNA 
using Superscript II at 45°C (Life Technologies). To terminate this reac- 
tion, the contents were mixed 1:1 with formamide loading buffer and 
boiled. The samples were then loaded onto a denaturing polyacrylamide 
gel (7 M urea-6% 19:1 polyacrylamide:bis acrylamide) and run in IX 
Tris-borate-EDTA (TBE) buffer. Transcript levels were determined by 
autoradiography and read on a Fujifilm FLA5000 phosphorimager. 

RESULTS 

Activation of the IFN induction cascade by influenza A viruses 
can occur when virus protein synthesis and the generation of 
progeny vRNPs are inhibited. First, the requirement for virus 
protein synthesis and genome replication in the activation of the 
IFN induction cascade by influenza A viruses was examined. De 
novo NP synthesis and concurrent assembly of nucleocapsids are 
required for replication of the lAV genome; consequently, by 
blocking NP synthesis, the translational elongation inhibitor cy- 
cloheximide (CHX) prevents viral replication by inhibiting cRNP 
and progeny vRNP generation and thus secondary transcription 
(24, 26-29) (see Fig. 6A). A549 cells were infected with several 
different influenza A viruses in the presence or absence of CHX 
and cell lysates were probed for the presence of the active, phos- 
phorylated form of IRF3 as a marker of activation of the IFN 
induction cascade. IRF3 activation occurs prior to transcription 
from the IFN- (3 promoter and can thus be used to detect activa- 
tion of the IFN induction cascade under conditions where cellular 
protein synthesis is blocked. The phosphorylated form of IRF3 
was barely detectable following infection with the influenza virus 
strains A/WSN/33 (HlNl) (WSN) and A/PR/8/34 (HlNl) (PR8) 
in untreated cells, while A/Udorn/72 (H3N2) (Ud) induced small 
amounts of IRF3 phosphorylation (Fig. lA and B). In contrast, 
infection with all three of these virus strains resulted in consider- 
able IRF3 activation under CHX treatment conditions in which 
virus protein synthesis was very efficiently inhibited. To confirm 
that IRF3 activation occurred in the absence of virus protein syn- 
thesis, we used an siRNA approach to inhibit viral NP expression. 
This has previously been shown to inhibit cRNA and vRNA syn- 
thesis and indirectly leads to inhibition of the synthesis of aU virus 
proteins by abrogating secondary transcription (14) (Fig. IC). 
Treatment of cells with NP-1496 siRNA led to a very efficient 
knockdown of NP protein synthesis and also inhibited the expres- 
sion of other viral proteins, as indicated by a lack of hemagglutinin 
(HA) synthesis in NP-1496-treated cells (Fig. IC). This efficient 
knockdown of viral protein synthesis correlated with a clear in- 
crease in IRF3 activation by Ud virus compared to untreated cells, 
consistent with the results obtained using CHX (Fig. lA). IRF3 
activation was not observed following siRNA-mediated knock- 
down of NP expression from a transfected plasmid (data not 
shown), so this effect was specific to the knockdown of NP expres- 
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FIG 1 IRF3 activation by influenza A viruses in the absence of virus protein 
synthesis. (A and B) A549 monolayers were infected with Ud (A), WSN (A), or 
PR8 (B) at 5 PFU/cell or left uninfected (Ul) for 8 h in the presence or absence 
of CHX. Cell lysates were prepared and subjected to SDS-PAGE and immu- 
noblotting for phospho-IRFB (p-IRF3), total IRF3, viral NP, and actin. Note 
that input NP could be detected under CHX treatment conditions upon longer 
exposures. (C) A549 cells were transfected with no siRNA ( — ) or 25 mM 
nontarget (NT) or NP-specific NP-1496 or NP-23 1 siRNAs for 24 h. Cells were 
infected with Ud (5 PFU/cell) for a further 8 h, and then cell lysates were 
prepared and subjected to SDS-PAGE and immunoblotting for phospho-IRF3 
(p-IRF3), total IRF3, viral NP and HA, and actin. Note that only NP-1496 
siRNA efficiently inhibited NP expression in A549 cells. (D and E) A549 
monolayers were infected with Ud-A99 (D) or PR8-ANS1 (E) at 5 PFU/cell or 
left uninfected for 8 h in the presence or absence of CHX, and lysates were 
treated as described above. 



sion from infecting virus. In contrast, an additional NP siRNA, 
NP-23 1, was unable to effectively inhibit NP and HA synthesis 
under these treatment conditions; this siRNA subsequently had 
no effect on IRF3 activation by Ud virus. Together, these results 
suggest that virus protein synthesis and thus the synthesis of prog- 
eny vRNPs are not essential for activation of the IFN induction 
cascade by influenza viruses; indeed, IRF3 activation is actually 
considerably enhanced under conditions (e.g., CHX treatment 
and NP siRNA knockdown) in which these processes are inhib- 
ited. 

We hypothesized that the higher levels of IRF3 phosphoryla- 
tion in CHX-treated cells than in untreated cells infected with 
influenza A viruses was due to inhibition of expression of NS 1 by 
CHX and thus alleviation of its IFN-inhibitory effects. To address 
this, we examined IRF3 activation in the presence of CHX by two 
viruses that lack a fully functional NS 1 protein and are thus unable 
to effectively antagonize IFN induction: Ud-A99, a recombinant 
Ud virus that lacks most of the effector domain of NSl (15), and 
PR8-ANS1, in which the entire NSl gene has been deleted (16). As 
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FIG 2 Influenza A viruses induce transcription from IRF3-responsive genes in 
the absence of virus protein synthesis. A549 cells were infected with PR8-ANS1 
as indicated in the presence of CHX. At 8 h postinfection (p.i.), monolayers 
were washed in ActD-containing medium and incubated in the presence of 
ActD for a further 4 h (C/A). As controls, cells were left untreated ( — ) or were 
incubated for 12 h in CHX (C) or ActD (A). Cells were harvested at 12 h p.i. 
Cell lysates were prepared and subjected to SDS-PAGE and immunoblotting 
for ISG56 and actin. 



predicted, both Ud-A99 (Fig. ID) and PR8-ANS1 (Fig. IE) in- 
duced considerable IRF3 phosphorylation in untreated cells, con- 
sistent with the loss of NSl function leading to enhanced activa- 
tion of the IFN response compared to the parental wild-type (wt) 
viruses. Similar levels of IRF3 phosphorylation were detected in 
Ud-A99-infected cells in the presence or the absence of CHX. This 
is in contrast to the obvious increase in IRF3 activation seen in 
Ud-wt-infected cells upon CHX treatment. Thus, the very weak 
activation of IRF3 during wt infections is most likely due to NSl 
inhibiting activation of the IFN induction cascade. That we ob- 
serve no reduction in IRF3 activation by Ud-A99 in cells treated 
with CHX compared to untreated cells strongly suggests that un- 
der these conditions progeny vRNA genomes are not responsible 
for activating the IFN induction cascade. In contrast to the IRF3 
activation profile seen with Ud-A99, CHX treatment reduced the 
levels of IRF3 activation by PR8-ANS1 compared to those seen in 
untreated infected cells. This was not necessarily indicative of an 
absolute requirement for virus replication in order to activate the 
IFN induction cascade, however, since IRF3 activation could still 
be detected under CHX treatment conditions for both PR8-ANS1 
and the parental PR8 virus (Fig. IB and E). Furthermore, increas- 
ing the multiplicity of infection for PR8-ANS1 considerably in- 
creased the levels of IRF3 activation in the presence of CHX rela- 
tive to the amount in untreated infected cells (data not shown; see 
also Fig. 3E). 

To determine whether activation of IRF3 by influenza A vi- 
ruses in the absence of virus replication also correlated with the 
transcription of IRF3-responsive genes, a CHX reversal experi- 
ment was performed. Cells were infected in the presence of CHX 
(during which time protein synthesis is inhibited but the accumu- 
lation of mRNA transcripts is unaffected) and then reversed in the 
presence of actinomycin D (ActD) (which forms stable complexes 
with DNA to inhibit DNA-dependent RNA synthesis); under 
these conditions, transcripts that have accumulated in the pres- 
ence of CHX can be translated, whUe ActD prevents further cellu- 
lar transcription. IRF3 -responsive gene products expressed under 
these CHX reversal conditions must therefore have been synthe- 
sized from transcripts that accumulated in the presence of CHX 
treatment (and therefore in the absence of viral protein synthesis 
and genome replication). In accordance with the IRF3 activation 
by influenza A viruses observed in the presence of CHX (Fig. 1), 
we could detect expression of the IRF3-responsive gene product 
ISG56 under CHX reversal conditions (Fig. 2). Clearly, then, ac- 
tivation of the IFN induction cascade and transcription from 
IRF3-responsive antiviral genes can occur in A549 cells in the 



absence of virus protein synthesis and therefore in the absence of 
progeny vRNP generation. 

Actinomycin D inhibits activation of the IFN induction cas- 
cade by influenza A viruses. The data presented above indicated 
that progeny vRNPs are not required for activation of the IFN 
induction cascade by influenza A virus, but it remained unclear 
whether input vRNPs were sufficient to induce IFN. While CHX 
impairs cRNA and vRNA synthesis by the viral polymerase, it does 
not prevent accumulation of viral mRNA transcripts, although 
secondary viral transcription is impaired by CHX due to a reduc- 
tion in available vRNA templates (24) (see Fig. 6A). Influenza A 
virus transcription by the viral polymerase requires cellular pre- 
mRNAs to provide 5 '-capped primers for transcription initiation 
(30, 31); consequently, influenza A virus replication is sensitive to 
inhibitors of cellular transcription (28, 32). Thus, following treat- 
ment with ActD, primary viral transcription is blocked and no 
viral mRNA can be detected in infected cells (33, 34) (see Fig. 6). 
To determine whether the input virus genome alone was a major 
activator of the IFN induction cascade or whether viral polymer- 
ase activity was required for IFN induction, we examined IRF3 
activation in A549 cells treated with ActD. Strikingly, IRF3 activa- 
tion could not be detected following infection with any of our 
panel of influenza viruses (Ud, Ud-A99, WSN, PR8, and PR8- 
ANSl) in the presence of ActD (Fig. 3). This was a stark difference 
from the situation following CHX treatment (which often consid- 
erably enhanced IRF3 activation), despite both ActD and CHX 
efficiently inhibiting the expression of viral proteins, including 
NSl. This inhibition of IRF3 activation by ActD was observed 
even when the multiplicity of infection was considerably in- 
creased; while ~50 PFU/cell PR8-ANS1 induced substantial levels 
of phospho-IRF3 in untreated and CHX-treated A549 cells, neg- 
ligible IRF3 activation was detectable in ActD-treated infected 
cells (Fig. 3E). This effect of ActD was not cell-type specific, since 
ActD also inhibited influenza-virus-induced IRF3 activation in 
MDCK and untransformed lung fibroblast MRC-5 cells (Fig. 3F). 

Inhibition of influenza-virus-induced IRF3 activation by ActD 
was not due to nonspecific effects of the drug on the activation of 
the IFN induction cascade, since, importantly, ActD did not in- 
hibit IRF3 activation by the synthetic dsRNA analogue poly(I-C) 
or by PIV5-VAC vM2 (35), a preparation of parainfluenza virus 5 
(a virus insensitive to cellular transcription inhibitors [36] ) that is 
an efficient IFN inducer due to the presence of defective viruses 
(Fig. 4A). Furthermore, ActD had no effect on IRF3 activation by 
the Cantell stock of Sendai virus (Fig. 4B), a defective virus-rich 
preparation that is well characterized as a RIG-I activator (7, 37, 
38), indicating that ActD does not inhibit RIG-I activation in gen- 
eral but that its effects are specific to influenza virus. In addition, 
the inability of influenza A virus to activate IRF3 in ActD-treated 
cells was not due to impairment of virus entry and RNP import to 
the nucleus by this drug, since the nuclear localization of input 
vRNPs was unaffected by ActD treatment (Fig. 4C). 

As an additional measure of activation of the IFN induction 
cascade, we examined the effects of ActD on the nuclear translo- 
cation of both IRF3 and the p65 subunit of NF-KB, a step that 
occurs following activation of these transcription factors in the 
cytoplasm. A549 cells were infected with Ud or PR8-ANS1 in the 
presence of ActD or no drug for 8 h, after which time cell mono- 
layers were fixed and stained for IRF3 and p65 localization. The 
resulting confocal microscopy images are shown in Fig. 5, and the 
percentage of cells exhibiting nuclear localization of these tran- 
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FIG 3 Activation of IRF3 by influenza A viruses is sensitive to actinomycin D. A549 cells were infected with Ud (A), WSN (A), PR8 (B), Ud-A99 (C), or 
PR8-ANS1 (D) at 5PFU/cell or left uninfected for 8 h in the presence CHX, ActD, or no drug. Cell lysates were prepared and subjected to SDS-PAGE and 
rmmunoblotting for phospho-IRF3 (p-IRF3), total IRF3, viral proteins, and actin. (E) A549 cells were infected with PR8-ANS1 at 5 PFU/ceU or 55 PFU/cell. At 
8 h p.i., cell lysates were prepared and treated as above, exp., exposure. (F) MDCK or MRC-5 cells were uninfected (UI) or infected with 5 PFU/ceU of PR8-ANS1 
in the presence of ActD. At 8 h p.i., cell lysates were prepared and treated as above. 



scription factors under each treatment/infection condition is in- 
dicated. In the absence of drug, nuclear IRF3 was detectable in 
8.8% and 35.8% of cells following infection with Ud or PR8- 
ANSl, respectively. Similar levels of p65 nuclear translocation 
were observed: 4.0% of cells for Ud and 29.6% of cells for PR8- 
ANSl. Following infection in the presence of ActD, however, the 
level of nuclear translocation for both IRF3 and p65 dropped to 
around 1 % for both viruses, indicating that ActD efficiently inhib- 
its activation and subsequent nuclear translocation of both of 
these transcription factors. 

Activation of the IFN induction cascade by influenza A virus 
requires viral RNA synthesis and nuclear export. The inhibitory 
effect of ActD on activation of the IFN induction cascade by in- 
fluenza A viruses strongly suggested that viral polymerase activity 
was required for this process. We next determined whether IRF3 
activation was also sensitive to other inhibitors of viral RNA syn- 
thesis. Alpha-amanitin inhibits both RNA polymerase II initiation 
and elongation (39) and thus, like ActD, prevents synthesis of viral 
mRNA, cRNA, and vRNA (33, 34). In contrast, the RNA polymer- 
ase II elongation inhibitor 5,6-dichloro-l-p-D-ribofuranosyl- 
benzimidazole (DRB) (40, 41) does not affect primary viral tran- 
scription but inhibits cRNA and vRNA synthesis (and therefore 
secondary viral transcription) (42) by preventing the nuclear ex- 
port of viral transcripts (23, 43). Consistent with previous publi- 
cations, no viral mRNA, cRNA, or vRNA synthesis can be detected 
in infected cells following treatment with either a-amanitin or 
ActD (Fig. 6A). Similarly, DRB impaired cRNA and vRNA syn- 
thesis, but viral mRNA could stiU be detected under DRB treat- 



ment conditions (at lower levels than in untreated cells, due to 
impairment of vRNA synthesis and thus secondary transcription) . 
In situ hybridization experiments using a probe for NP mRNA 
confirmed that ActD and a-amanitin efficiently inhibited viral 
mRNA synthesis and that DRB treatment did not prevent mRNA 
synthesis but resulted in the retention of NP transcripts in the 
nuclei of infected cells (Fig. 6B). Previous reports indicated that 
DRB-mediated inhibition of mRNA nuclear export was a seg- 
ment-specific effect that did not affect the export and subsequent 
translation of NP mRNA; here, we clearly observe both nuclear 
retention of NP mRNA (Fig. 6B) and efficient inhibition of NP 
expression by DRB at the protein level (Fig. 7), indicating that 
under these treatment and infection conditions DRB does inhibit 
NP mRNA export. These discrepancies were not due to differences 
in DRB concentration between this and previous studies, since we 
observed the same inhibition of NP expression by DRB at much 
lower concentrations of DRB (data not shown), but may instead 
reflect cell-type-specific differences. 

The effects of these inhibitors on IRF3 activation by influenza 
virus were next examined. Consistent with data presented above, 
phospho-IRF3 could clearly be detected under CHX treatment 
conditions for cells infected with Ud, Ud-A99, PR8, and PR8- 
ANSl (Fig. 7A to D). In contrast, negligible IRF3 activation by 
these viruses was detected in the presence of either a-amanitin or 
DRB, mirroring the effects of ActD treatment. Inhibition of IRF3 
activation by these drugs was specific to influenza virus infections, 
since they had no effect on IRF3 activation by PIV5-VAC vM2 
(Fig. 7E). Clearly then, the inhibitory effects of ActD on activation 
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FIG 4 Actinomycin D-mediated inhibition of^ IRF3 activation is specific to 
influenza virus infections. (A) A549 cells were transfected with poly(I-C) or 
infected with Ud-A99 or PIV5-VAC vM2 at 5 PFU/ceU in the presence or 
absence of ActD. After 8 h, cell lysates were prepared and subjected to SDS- 
PAGE and immunoblotting for phospho-IRFB (p-IRF3), viral proteins, and 
actin. Note that the increase in PIV5 NP expression in ActD treatment condi- 
tions is due to inhibition of expression of cellular ISGs, likely ISG56, which is a 
potent inhibitor of PIV5 protein synthesis (68). (B) A549 cells were infected 
with 5 PFU/ceU of Ud-A99 or Sendai virus (SeV) Cantell in the presence or 
absence of CHX or ActD. Cell lysates were prepared at 8 h p.i., subjected to 
SDS-PAGE, and immunoblotted for p-IRF3, viral proteins, and actin. (C) 
A549 monolayers were uninfected or infected with Ud in the presence of CHX 
and ActD or CHX alone. Two hours later, cells were fixed and input vRNPs 
were detected using antibody to influenza virus NP. Nuclear material was 
stained with DAPI (4',6-diamidino-2-phenylindole). NP and DAPI staining 
was visualized by fluorescence microscopy. 



of the IFN induction cascade by influenza A viruses also extend to 
other inhibitors of viral RNA synthesis that possess different 
modes of action. 

That DRB, which blocks viral mRNA nuclear export but not 
synthesis, functioned as a potent inhibitor of viral IRF3 activation 
strongly suggested that both RNA synthesis and nuclear export are 
required for IFN induction by influenza virus under these exper- 
imental conditions. While the high concentrations of ActD used 
throughout this study inhibit primary viral transcription, lower 
ActD concentrations do not; however, like DRB treatment, low 
ActD concentrations limit secondary transcription and vRNA 
replication by preventing the nucleocytoplasmic transport of viral 
mRNA (23, 44). Within a concentration range of 0.25 to 0.75 
|jLg/ml of ActD, we observe nuclear retention of NP mRNA by in 
situ hybridization; concentrations below this range do not prevent 
cytoplasmic accumulation of mRNAs, while mRNA synthesis is 
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FIG 5 Inhibition of influenza virus-induced IRF3 and p65 nuclear transloca- 
tion by ActD. A549 cell monolayers were infected with Ud or PR8-ANS1 at 5 
PFU/ceU for 8 h in the presence of ActD. Uninfected cells and cells infected 
with PIV5-VAC vM2 (5 PFU/ceU) were included as controls. Cells were then 
fixed and immunostained using antibodies to IRF3 and p65. The nuclear lo- 
calization of these transcription factors was examined by fluorescence confocal 
microscopy. The mean percentage of ceUs (±1 standard deviation [SD|) ex- 
hibiting nuclear IRF3 or p65 localization was quantified by scoring nuclear 
localization from 10 fields of view from each condition; this is indicated on the 
corresponding image for eacli condition. 



inhibited at concentrations above this range (Fig. 8A). Despite 
viral mRNA synthesis proceeding at 0.5 and 0.75 |JLg/ml, therefore, 
the viral mRNA is entirely nuclear in localization (Fig. 8A); at 
these concentrations, no IRF3 activation was detectable (Fig. 8B). 
Very small amounts of phospho-IRF3 are detectable at 0.25 jjtg/ 
ml, which correlates with the appearance of a small proportion of 
cells that exhibit cytoplasmic mRNA staining and subsequent syn- 
thesis of low levels of NP protein. Further evidence for the require- 
ment for both RNA synthesis and nuclear export for IFN induc- 
tion comes from the observation that IRF3 activation induced by 
Ud in the presence of CHX is sensitive to ActD or DRB, which 
correlated with inhibition of RNA synthesis for the CHX/ ActD 
condition and with inhibition of RNA export for the CHX/DRB 
condition (Fig. 8C and D). There is therefore a strong correlation 
between the inhibitory effects of ActD, DRB, and a-amanitin on 
activation of the IFN induction cascade and their ability to inhibit 
either viral RNA synthesis or nuclear export. Taken together, our 
data indicate that, in this experimental system, input viral ge- 
nomes do not function as a major PAMP and suggest instead that 
synthesis and nuclear export of a viral RNA species (that is likely 
distinct from progeny vRNPs) are required for activation of the 
IFN induction cascade. 

DISCUSSION 

The requirements for viral replication and transcription activities 
in the activation of the IFN induction cascade in cells infected with 
influenza viruses have not been comprehensively studied previ- 
ously. We have addressed these questions by examining activation 
of the IFN induction cascade by influenza virus in the presence of 
inhibitors of viral RNA synthesis. Unlike previous studies, we have 
directly examined activation of endogenous components of the 
IFN induction cascade within infected A549 cells, permitting us to 
study the conditions under which PAMPs are generated by influ- 
enza viruses in these cells. We clearly demonstrate activation of the 
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FIG 6 Viral RNA synthesis profiles in tlie presence of cycloheximide, actinomycin D, 5,6-dicliIoro-l-p-D-ribofirranosyl-benzimidazole, and a-amanitin. (A) 
A549 monolayers were infected with PR8 at 5 PFU/cell in the presence of CHX, ActD, DRB, a-amanitin (a-Am; following a 1-h pretreatment of cells), or no drug 
as indicated. Eight hours later, cells were harvested, and extracted RNA was subjected to primer extension analysis using '^P-labeled probes specific for PR8 NP 
cRNA, vRNA, and mRNA. A further primer complementary to cellular 5S RNA was included as a loading control. (B) A549 cells were infected with Ud or PR8 
at 5 PFU/cell in the presence of CHX, ActD, DRB, a-amanitin (a-Am; following a 1-h pretreatment of cells), or no drug as indicated for 8 h. Cells were then fixed, 
and viral NP mRNA was visualized by in situ hybridization (red). Cell nuclei were stained with DAPI (blue). 



IFN induction cascade and transcription of IRF3-responsive genes 
under conditions where viral protein synthesis and therefore the 
generation of cRNPs and vRNPs are efficiently blocked by CHX 
treatment or NP siRNA. It remains possible that inhibition of NP 
synthesis by CHX and NP siRNA is not complete and that small 
amounts of NP protein are being generated but are undetectable 
by Western blotting. However, following these treatments we see 
neither full-length progeny cRNA and vRNA by primer extension 
analysis nor the synthesis of other viral proteins, indicating that 
secondary transcription is effectively blocked. As such, these ex- 
periments allow us to study the contribution of viral protein syn- 
thesis and cRNP/vRNP synthesis to IFN induction and indicate 
that fall-length progeny genomes are not required for IFN induc- 
tion in influenza virus-infected A549 cells. In complete opposition 
to our findings, a previous study identified progeny genomes gen- 
erated during genome replication as the IFN-inducing PAMP 
produced by influenza virus and even demonstrated that CHX 
treatment of influenza virus-infected cells inhibited the accumu- 
lation of "stimulatory" RNA (11). The experimental data on 
which these conclusions were primarily based were a series of 
experiments in which RNA was extracted from reconstituted 
vRNPs and transfected back into cells along with an IFN-p re- 
porter plasmid; since RNA extraction strips the associated viral 
nucleoprotein and polymerase from virus genomes, it would thus 
be expected that the resultant unencapsidated genomes (that 
would not normally be found in infected cells) would efficiently 
activate the IFN response. Moreover, during vRNA synthesis, the 
5' termini of newly synthesized progeny genomes are bound and 
protected by a polymerase complex distinct from the replicative 
polymerase (45) and should not be able to activate RIG-I. It 
should be stressed, however, that while genome replication was 
not essential for IFN induction in our experiments, we found that 
IFN induction by PR8-ANS1 was enhanced when genome repli- 
cation was permitted to occur. This result may reflect the increase 
in numbers of templates, possibly defective genomes (discussed 
below), from which a PAMP can be generated when genome rep- 
lication is permitted to occur. In support of this, IRF3 activation 
by PR8-ANS1 in the presence of CHX (but not in the presence of 
ActD) can be considerably increased by increasing the amounts of 
input virus (Fig. 3E). Alternatively, multiple types of PAMPs may 



be generated by PR8-ANS1, of which one or more may require 
genome replication. 

We additionally demonstrate that viral RNA synthesis is re- 
quired for activation of the IFN induction cascade by influenza 
viruses. In the presence of the cellular and viral transcription in- 
hibitors ActD and a-amanitin, we observed striking inhibition of 
IRF3 phosphorylation and inhibition of IRF3 and p65 nuclear 
translocation. This inhibitory effect correlated with inhibition of 
viral polymerase activity since no viral RNA synthesis could be 
detected in the presence of these drugs. While this article was in 
preparation, it was reported that IFN induction by RNA viruses 
did not require genome replication because RIG-I is activated by 
incoming RNA virus nucleocapsids (46). While most of the sup- 
porting evidence came from experiments using bunyaviruses, the 
authors extended their conclusion to all viruses whose genomes 
possess a 5'ppp dsRNA panhandle structure, including influenza 
viruses. We demonstrate here that incoming vRNPs cannot be the 
predominant inducer of IFN in influenza virus-infected A549 
cells, since treatment with the transcription inhibitor ActD, 
a-amanitin, or DRB (which does not interfere with the entry and 
nuclear import of incoming nucleocapsids) very effectively inhib- 
its activation of the IFN induction cascade. Additionally, NSl, the 
principal IFN antagonist of influenza viruses, is not present in the 
virus particle and is expressed only following RNP nuclear import 
and transcription; if incoming vRNPs acted as the predominant 
RIG-I ligand, RIG-I would be activated prior to any NSl expres- 
sion and lead to IFN induction in every infected cell, a situation 
that we have shown does not occur (47). However, while our data 
rule out input vRNPs as a major PAMP in our experiments, we 
could still observe IRF3 and p65 nuclear translocation in small 
numbers (~1%) of infected cells in the presence of ActD. While 
this may represent an incomplete block on viral RNA synthesis by 
ActD, it may also be consistent with input viral genomes consti- 
tuting a minor PAMP population that can induce IFN indepen- 
dent of viral polymerase activity in a minority of cells. Although a 
simple dsRNA panhandle structure formed by base pairing be- 
tween the partially complementary termini of influenza vRNAs 
was suggested by early studies, more-recent evidence favors a 
more complex "corkscrew" conformation for vRNPs involving 
the formation of short hairpin loops at each end of the vRNA 
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FIG 7 Inhibition of influenza-induced IRF3 activation by actinomycin D, 
5,6-dichloro-l-P-D-ribofuranosyl-benzimidazoIe, andct-amanitin. A549 cells 
were infected with Ud (A), PR8 (B), Ud-A99 (C), PR8-ANS1 (D), or PIV5- 
VAC vM2 (E) at 5 PFU/cell in the presence of CHX, ActD, DRB, a-amanitin 
(a-Am; following a 1-h pretreatment of cells), or no drug as indicated for 8 h. 
Cell lysates were then prepared and subjected to SDS-PAGE and immunoblot- 
ting for phospho-IRFB, total IRF3, viral proteins, and actin. 



(48-53). While limited base pairing occurs within and between 
the 3' and 5' ends in this structure, the proximal 9 or 10 nucleo- 
tides of the termini do not bind each other to form dsRNA (1, 49, 

54) . Moreover, the vRNA termini are obscured in the presence of 
polymerase (1), and despite the partial terminal complementarity 
of vRNA segments, vRNPs behave as single-stranded RNA in the 
absence of polymerase (12). The formation of the stretches of 
exposed dsRNA with a 5'ppp that are required for efficient RIG-I 
activation are thus precluded in this corkscrew structure (9, 10, 

55) . However, it has been reported that the 3' and 5' ends of naked 



vRNA do base pair to form dsRNA (56, 57); such a product could 
therefore activate RIG-I if it were generated as a result of errone- 
ous replication. 

The nuclear localization of RIG-I (or indeed any PRR) has not 
hitherto been shown, yet it is thought that all influenza virus RNA 
synthesis occurs in the nucleus. Thus, for an influenza virus RNA 
to function as a PAMP and induce IFN, it must presumably be 
exported to the cytoplasm, where it can activate RIG-I. Progeny 
vRNPs translocate to the cytoplasm in order to be incorporated 
into new virions, yet these are unlikely to be a major RIG-I agonist 
because we observe strong activation of the IFN induction cascade 
under conditions where progeny vRNA is not synthesized. That 
the IFN induction cascade is not activated when virus polymerase 
activity is inhibited suggests two possible scenarios for the gener- 
ation/exposure of the PAMP. The first is that limited polymerase 
activity is required to displace RNA-associated proteins and ex- 
pose input virus genome to RIG-I, but this is unlikely to be the case 
since viral polymerase activity is thought to be restricted to the 
nucleus and it is difficult to envisage how the input genome itself 
could function as an efficient PAMP for the reasons outlined 
above. Our data support a second scenario in which polymerase 
activity is required to generate an RNA product (that is distinct 
from progeny vRNA molecules) that translocates to the cyto- 
plasm, where it can be recognized by RIG-I. Consistent with the 
latter explanation is the observation that IRF3 activation is very 
efficiently inhibited by DRB treatment and by low concentrations 
of ActD. Under these conditions, viral mRNA synthesis was not 
inhibited but viral transcripts were retained in the nucleus. Thus, 
in this situation, the PAMP would be generated by the polymerase 
but would be unable to translocate to the cytoplasm and would 
therefore be unable to activate RIG-I. The nature of this RNA 
species and how it would activate the IFN response is unclear. 
Although we have correlated activation of IRF3 with the synthesis 
and export of viral mRNAs, normal transcripts are capped and 
polyadenylated and should therefore be indistinguishable from 
cellular transcripts in terms of RIG-I activation; if generated dur- 
ing primary viral transcription, the PAMP would therefore have to 
be an aberrant transcription product. Unencapsidated cRNAs can 
be generated by the polymerase in the absence of NP (58-62) but 
are unstable in the absence of newly synthesized viral polymerase 
and NP (24); these RNAs should possess the 5'ppp required for 
RIG-I activation. These RNAs have been shown to be generated in 
the presence of both CHX and ActD (24, 33) and so are presum- 
ably also generated in the presence of DRB and a-amanitin. If 
these unencapsidated products are generated in the presence of 
ActD, DRB, and a-amanitin, however, they may stiU be retained 
in the nucleus (thus preventing them from potentially activating 
RIG-I) since these inhibitors also affect nuclear export of influ- 
enza virus RNAs (Fig. 8) (23, 44). 

In conclusion, we have demonstrated that RNA synthesis and 
nuclear export are required for activation of the IFN induction 
cascade by influenza viruses and that incoming vRNPs do not 
therefore function as a major PAMP in this experimental system. 
Furthermore, we suggest that the major viral PAMP is distinct 
from progeny vRNPs since we observe activation of the IFN in- 
duction cascade even in situations where the generation of prog- 
eny vRNPs is inhibited. However, the exact nature of these P AMPs 
still needs to be characterized. Our favored explanation, which we 
are currently investigating, is that they are aberrant RNA prod- 
ucts, perhaps produced by certain types of defective genomes. 



April 2014 Volume 88 Number 8 



jvi.asm.org 3949 



Killip et al. 















HBHB 


B 




B 


HB 



ActD 
(kig/ml) 

NP 
mRNA 



Ud-i99 



0.75 0.5 0.25 0.1 (|ig/ml) 
I P-IRF3 



actin 



Ud 



Ud 



CHX CHX 
ActD DRBCHX ActD DRB 



CHX/ActD CHX/DRB 



P-IRF3 

IRF3 

NP 



JNS1 
1 actin 









■ 










B 












B 



NP 
mRNA 



FIG 8 IRF3 activation by influenza viruses requires RNA syntliesis and nuclear export. (A and B) A549 cells were infected with 5 PFU/cell of Ud-A99 for 8 h in 
the presence of various concentrations of ActD. (A) Viral mRNA synthesis and localization were then examined by in situ hybridization using an NP mRNA probe 
(red). Nuclei were stained with DAPI (blue). (B) Duplicate monolayers were harvested and subjected to SDS-PAGE and immunoblotting for phospho-IRF3, viral 
NP, and actin. (C) A549 cells were infected with Ud (5 PFU/cell) in the presence of ActD, DRB, CHX, or combinations of these drugs as indicated. After 8 h, ceU 
lysates were prepared and subjected to SDS-PAGE and immunoblotting for phospho-IRF3, total IRF3, viral proteins, and actin. (D) Duplicate monolayers were 
treated as described for panel C and fixed at 8 h p.i. Viral mRNA synthesis and localization were visualized by in situ hybridization using a probe for NP mRNA 
(red). Nuclear material is stained with DAPI (blue). 



Intriguingly, defective viruses have been implicated in the induc- 
tion of IFN by influenza A viruses previously (7, 63-65). Such a 
scenario would be similar to that observed for paramyxoviruses, 
whereby defective viruses are primarily responsible for IFN induc- 
tion and can induce IFN in the absence of virus genome replica- 
tion or protein synthesis (7, 19, 20, 35, 47, 66, 67). However, the 
precise nature of the influenza virus PAMP and the stage of the 
virus life cycle at which it is generated may differ depending on the 
type of host cell being infected. Thus, it wiU be of great interest to 
determine whether observations made in this study also extend to 
other cell types, such as immune cells and plasmocytoid dendritic 
cells, particularly given the critical role of the latter in IFN produc- 
tion during in vivo infections. 

ACKNOWLEDGMENTS 

This work is supported by grants from the Wellcome Trust (grants 
087751/A/08/Z) and MRC (G1001726/1). 

The University of St Andrews is a charity registered in Scotland (No. 
SC013532). 

We thank P. Digard for his kind gift of pcDNA-NP plasmid and E. 
Fodor and S. Goodbourn for helpful comments on the manuscript. 

REFERENCES 

1. Resa-Infante P, lorba N, Coloma R, Ortin I. 2011. The influenza virus 
RNA synthesis machine: advances in its structure and function. RNA Biol. 
8:207-215. http://dx.doi.Org/10.4161/rna.8.2.14513. 

2. Randall RE, Goodbourn S. 2008. Interferons and viruses: an interplay 
between induction, signaUing, antiviral responses and virus countermea- 
sures. I. Gen. Virol. 89:1-47. http://dx.doi.Org/10.1099/vir.0.83391-0. 

3. Hale BG, Albrecht RA, Garcia-Sastre A. 2010. Innate immune evasion 
strategies of influenza viruses. Future Microbiol. 5:23-41. http://dx.doi 
.org/10.2217/fmb.09.108. 

4. Hale BG, Randall RE, Ortin I, lackson D. 2008. The multifunctional NSl 
protein of influenza A viruses. J. Gen. Virol. 89:2359-2376. http://dx.doi 
.org/10.1099/vir.0.2008/004606-0. 

5. Kato H, Takeuchi O, Sato S, Yoneyama M, Yamamoto M, IVIatsui K, 
Uematsu S, lung A, Kawai T, Ishii KI, Yamaguchi O, Otsu K, Tsujimura 



T, Koh CS, Reis e Sousa C, Matsuura Y, Fujita T, Akira S. 2006. 
Differential roles of ]VIDA5 and RIG-I helicases in the recognition of RNA 
viruses. Nature 441:101-105. http://dx.doi.org/10.1038/nature04734. 

6. Loo YM, Fornek J, Crochet N, Bajwa G, Perwitasari O, Martinez- 
Sobrido L, Akira S, Gill MA, Garcia-Sastre A, Katze MG, Gale M, Ir. 
2008. Distinct RIG-I and MDA5 signaling by RNA viruses in innate im- 
munity. J. Virol. 82:335-345. http://dx.doi.org/10.1128/JVI.01080-07. 

7. Baum A, Sachidanandam R, Garcia-Sastre A. 2010. Preference of RIG-I 
for short viral RNA molecules in infected cells revealed by next-generation 
sequencing. Proc. Natl. Acad. Sci. U. S. A. 107:16303-16308. http://dx.doi 
.org/10.1073/pnas.l005077107. 

8. Kolakofsky D, Kowalinski E, Cusack S. 2012. A structure-based model of 
RIG-I activation. RNA 18:2118-2127. http://dx.doi.org/10.1261/rna 
.035949.112. 

9. Schlee M, Roth A, Hornung V, Hagmann CA, Wimmenauer V, Barchet 
W, Coch C, Janke M, MihaUovic A, Wardle G, Juranek S, Kato H, 
Kawai T, Poeck H, Fitzgerald KA, Takeuchi O, Akira S, Tuschl T, Latz 
E, Ludwig J, Hartmann G. 2009. Recognition of 5' triphosphate by RIG-I 
helicase requires short blunt double-stranded RNA as contained in pan- 
handle of negative-strand virus. Immunity 31:25-34. http://dx.doi.org/10 
.1016/j.immuni.2009.05.008. 

10. Schmidt A, Schwerd T, Hamm W, Hellmuth IC, Cui S, Wenzel M, 
Hoffmann FS, Michallet MC, Besch R, Hopfner KP, Endres S, Rothen- 
fusser S. 2009. 5'-triphosphate RNA requires base-paired structures to 
activate antiviral signaling via RIG-I. Proc. Natl. Acad. Sci. U. S. A. 106: 
12067-12072. http://dx.doi.org/10.1073/pnas.0900971106. 
Rehwinkel I, Tan CP, Goubau D, Schulz O, Pichlmair A, Bier K, Robb 
N, Vreede F, Barclay W, Fodor E, Reis e Sousa C. 2010. RIG-I detects 
viral genomic RNA during negative-strand RNA virus infection. Cell 140: 
397-408. http://dx.doi.Org/10.1016/j.cell.2010.01.020. 
Klumpp K, Ruigrok RW, Baudrn F. 1997. Roles of the influenza virus 
polymerase and nucleoprotein in forming a functional RNP structure. 
EMBO J. 16:1248-1257. http://dx.doi.Org/10.1093/emboj/16.6.1248. 

13. Childs K, Stock N, Ross C, Andrejeva J, Hilton L, Skinner M, Randall 
R, Goodbourn S. 2007. MDA-5, but not RIG-I, is a common target for 
paramyxovirus V proteins. Virology 359:190-200. http://dx.doi.org/10 
.1016/j.virol.2006.09.023. 

14. Ge Q, McManus MT, Nguyen T, Shen CH, Sharp PA, Eisen HN, Chen 
J. 2003. RNA interference of influenza virus production by directly target- 
ing mRNA for degradation and indirectly inhibiting all viral RNA tran- 



11. 



12 



3950 Jvi.asm.org 



Journal of Virology 



IFN Induction by Influenza A Viruses 



scription. Proc. Natl. Acad. Sci. U. S. A. 100:2718-2723. http://dx.doi.org 
/10.1073/pnas.0437841100. 

15. Jackson D, Killip MJ, Galloway CS, Russell RJ, Randall RE. 2010. Loss 
of function of the influenza A virus NSl protein promotes apoptosis but 
this is not due to a failure to activate phosphatidylinositol 3-kinase {PI3K). 
Virology 396:94-105. http://dx.doi.Org/10.1016/j.virol.2009.10.004. 

16. Garcia-Sastre A, Egorov A, Matassov D, Brandt S, Levy DE, Durbin JE, 
Palese P, Muster T. 1998. Influenza A virus lacking the NSl gene repli- 
cates in interferon-deficient systems. Virology 252:324-330. http://dx.doi 
.org/10.1006/viro.l998.9508. 

17. Precious B, Young DF, Andrejeva L, Goodbourn S, Randall RE. 2005. 
In vitro and in vivo specificity of ubiquitination and degradation of STAT 1 
and STAT2 by the V proteins of the paramyxoviruses simian virus 5 and 
human parainfluenza virus type 2. J. Gen. Virol. 86:151-158. http://dx.doi 
.org/10.1099/vir.0.80263-0. 

18. Hilton L, Moganeradj K, Zhang G, Chen YH, Randall RE, McCauley 
JW, Goodbourn S. 2006. The NPro product of bovine viral diarrhea virus 
inhibits DNA binding by interferon regulatory factor 3 and targets it for 
proteasomal degradation. J. Virol. 80:11723-11732. http://dx.doi.org/10 
.1128/JVI.01145-06. 

19. Killip MJ, Young DF, Precious BL, Goodbourn S, RandaU RE. 2012. 
Activation of the beta interferon promoter by paramyxoviruses in the 
absence of virus protein synthesis. J. Gen. Virol. 93:299-307. http://dx.doi 
.org/10.1099/vir.0.037531-0. 

20. IGllip MJ, Young DF, Gatherer D, Ross CS, Short JA, Davison AJ, 
Goodbourn S, RandaU RE. 2013. Deep sequencing analysis of defective 
genomes of parainfluenza virus 5 and their role in interferon induction. J. 
ViroL 87:4798-4807. http://dx.doi.org/10.1128/JVI.03383-12. 

2 1 . Andrejeva J, Childs KS, Young DF, Carlos TS, Stock N, Goodbourn S, 
Randall RE. 2004. The V proteins of paramyxoviruses bind the IFN- 
inducible RNA helicase, mda-5, and inhibit its activation of the IFN-beta 
promoter. Proc. Natl. Acad. Sci. U. S. A. 101:17264-17269. http://dx.doi 
.org/10.1073/pnas.0407639101. 

22. Carlos TS, Fearns R, Randall RE. 2005. Interferon-induced alterations in 
the pattern of parainfluenza virus 5 transcription and protein synthesis 
and the induction of virus inclusion bodies. J. Virol. 79:14112-14121. 
http://dx.doi.org/10.1128/JVI.79.22.14112-14121.2005. 

23. Amorim MJ, Read EK, Dalton RM, Medcalf L, Digard P. 2007. 
Nuclear export of influenza A virus mRNAs requires ongoing RNA 
polymerase II activity. Traffic 8:1-1 1. http://dx.doi.org/10.ll U/j. 1600 
-0854.2006.00507.x. 

24. Vreede FT, Jung TE, Brownlee GG. 2004. Model suggesting that repli- 
cation of influenza virus is regulated by stabilization of replicative inter- 
mediates. J. Virol. 78:9568-9572. http://dx.doi.org/10.1128/JVI.78.17 
.9568-9572.2004. 

25. Hara K, Schmidt FX, Crow M, Brownlee GG. 2006. Amino acid residues 
in the N-terminal region of the PA subunit of influenza A virus RNA 
polymerase play a critical role in protein stability, endonuclease activity, 
cap binding, and virion RNA promoter binding. J. Virol. 80:7789-7798. 
http://dx.doi.org/ 10.11 28/ JVI.00600-06. 

26. Hatada E, Hasegawa M, Mukaigawa J, Shimizu K, Fukuda R. 1989. 
Control of influenza virus gene expression: quantitative analysis of each 
viral RNA species in infected cells. J. Biochem. 105:537-546. 

27. Barrett T, Wolstenholme AJ, Mahy BW. 1979. Transcription and reph- 
cation of influenza virus RNA. Virology 98:21 1-225. http://dx.doi.org/10 
.1016/0042-6822(79)90539-7. 

28. Hay AJ, Lomniczi B, Bellamy AR, Skehel JJ. 1977. Transcription of the 
influenza virus genome. Virology 83:337—355. http://dx.doi.org/10.1016 
/0042-6822(77)90179-9. 

29. Taylor JM, Illmensee R, Litwin S, Herring L, Broni B, Krug RM. 1977. 
Use of specific radioactive probes to study transcription and replication of 
the influenza virus genome. J. Virol. 21:530-540. 

30. Bouloy M, Plotch SJ, Krug RM. 1978. Globin mRNAs are primers for the 
transcription of influenza viral RNA in vitro. Proc. Natl. Acad. Sci. U. S. A. 
75:4886-4890. http://dx.doi.org/10.1073/pnas.75.10.4886. 

31. Plotch SJ, Bouloy M, Ulmanen I, Krug RM. 1981. A unique 
cap(m7GpppXm)-dependent influenza virion endonuclease cleaves 
capped RNAs to generate the primers that initiate viral RNA transcription. 
Cell 23:847-858. http://dx.doi.org/10.1016/0092-8674(81)90449-9. 

32. Mark GE, Taylor JM, Broni B, Krug RM. 1979. Nuclear accumulation of 
influenza viral RNA transcripts and the effects of cycloheximide, actino- 
mycin D, and alpha-amanitin. J. Virol. 29:744-752. 

33. Vreede FT, Ng AK, Shaw PC, Fodor E. 2011. Stabihzation of influenza 



virus replication intermediates is dependent on the RNA-binding but not 
the homo-oligomerization activity of the viral nucleoprotein. J. Virol. 85: 
12073-12078. http://dx.doi.org/10.1128/JVI.00695-ll. 

34. Mahy BW, Carroll AR, Brownson JM, McGeoch DJ. 1977. Block to 
influenza virus replication in cells preirradiated with ultraviolet light. Vi- 
rology 83:150-162. http://dx.doi.org/10.1016/0042-6822(77)90218-5. 

35. Killip MJ, Young DF, Ross CS, Chen S, Goodbourn S, Randall RE. 201 1. 
Failure to activate the IFN-beta promoter by a paramyxovirus lacking an 
interferon antagonist. Virology 415:39-46. http://dx.doi.0rg/lO.lOl6/j 
.viroL201 1.03.027. 

36. Choppin PW. 1965. Effect of actinomycin D and halogenated deoxyuri- 
dines on the replication of simian virus 5. Proc. Soc. Exp. Biol. Med. 
120:699-702. http://dx.doi.org/10.3181/00379727-120-30629. 

37. Strahle L, Marq JB, Brini A, Hausmann S, Kolakofsky D, Garcin D. 
2007. Activation of the beta interferon promoter by unnatural Sendai 
virus infection requires RIG-I and is inhibited by viral C proteins. J. Virol. 
81:12227-12237. http://dx.doi.org/10.1128/JVI.01300-07. 

38. Martinez-Gil L, Go£f PH, Hai R, Garcia-Sastre A, Shaw ML, Palese P. 2013. 
A Sendai virus-derived RNA agonist of RIG-I as a virus vaccine adjuvant. J. 
ViroL 87:1290-1300. http://dx.doi.org/10.1128/JVI.02338-12. 

39. Kedinger C, Gniazdowski M, Mandel JL, Jr, Gissinger F, Chambon P. 1970. 
Alpha-amanitin: a specific inhibitor of one of two DNA-pendent RNA poly- 
merase activities from calf thymus. Biochem. Biophys. Res. Commun. 38: 
165-171. http://dx.doLorg/10.1016/0006-291X(70)91099-5. 

40. Eraser NW, Sehgal PB, Darnell JE. 1978. DRB-induced premature ter- 
mination of late adenovirus transcription. Nature 272:590-593. http://dx 
.doi.org/10.1038/272590a0. 

41. Dubois MF, Nguyen VT, Bellier S, Bensaude O. 1994. Inhibitors of 
transcription such as 5,6-dichloro-l-beta-D-ribofuranosylbenzimidazole 
and isoquinoline sulfonamide derivatives (H-8 and H-7) promote de- 
phosphorylation of the carboxyl- terminal domain of RNA polymerase II 
largest subunit. J. BioL Chem. 269:13331-13336. 

42. Chan AY, Vreede FT, Smith M, EngeUiardt OG, Fodor E. 2006. Influ- 
enza virus inhibits RNA polymerase II elongation. Virology 351:210-217. 
http://dx.doi.org/ 10.101 6/j.vfrol.2006.03.005. 

43. Read EK, Digard P. 2010. Individual influenza A virus mRNAs show 
differential dependence on cellular NXFl/TAP for their nuclear export. J. 
Gen. Virol. 91:1290-1301. http://dx.doLorg/10.1099/vir.0.018564-0. 

44. Mahy BW, Barrett T, Briedis DJ, Brownson JM, Wolstenholme AJ. 
1980. Influence of the host cell on influenza virus replication. PhUos. 
Trans. R. Soc. Lond. B Biol. Sci. 288:349-357. http://dx.doi.org/10.1098 
/rstb.1980.0011. 

45. Jorba N, Coloma R, Ortin J. 2009. Genetic trans-complementation 
establishes a new model for influenza virus RNA transcription and repli- 
cation. PLoS Pathog. 5:el000462. http://dx.doi.org/10.1371/journal.ppat 
.1000462. 

46. Weber M, Gawanbacht A, Habjan M, Rang A, Bomer C, Schmidt AM, 
Veitinger S, Jacob R, Devignot S, Kochs G, Garcia-Sastre A, Weber F. 2013. 
Incoming RNA virus nucleocapsids containing a 5'-triphosphorylated ge- 
nome activate RIG-I and antiviral signaling. Cell Host Microbe 13:336-346. 
http://dx.doiorg/10.1016/j.chom.2013.01.012. 

47. Chen S, Short JA, Young DF, KiUip MJ, Schneider M, Goodbourn S, 
Randall RE. 2010. Heterocellular induction of interferon by negative- 
sense RNA viruses. Virology 407:247-255. http://dx.doi.0rg/lO.lOl6/j 
.viroL2010.08.008. 

48. Brownlee GG, Sharps JL. 2002. The RNA polymerase of influenza A virus 
is stabilized by interaction with its viral RNA promoter. J. Virol. 76:7103- 
7113. http://dx.doLorg/10.1128/JVI.76.14.7103-71 13.2002. 

49. FUck R, Hobom G. 1999. Interaction of influenza virus polymerase with 
viral RNA in the 'corkscrew' conformation. J. Gen. Virol. 80(Part 10): 
2565-2572. 

50. Flick R, Neumann G, Hoffmann E, Neumeier E, Hobom G. 1996. 
Promoter elements in the influenza vRNA terminal structure. RNA 
2:1046-1057. 

51. Leahy MB, Dobbyn HC, Brownlee GG. 2001. Hairpin loop structure in 
the 3' arm of the influenza A virus virion RNA promoter is required for 
endonuclease activity. J. Virol. 75:7042-7049. http://dx.doi.org/10.1128 
/JVI.75.15.7042-7049.2001. 

52. Leahy MB, Pritlove DC, Poon LL, Brownlee GG. 2001. Mutagenic 
analysis of the 5' arm of the influenza A virus virion RNA promoter de- 
fines the sequence requirements for endonuclease activity. J. Virol. 75: 
134-142. http://dx.doi.Org/10.1128/JVI.75.l.134-142.2001. 

53. Crow M, Deng T, Addley M, Brovmlee GG. 2004. Mutational analysis of 



April 2014 Volume 88 Number 8 



jvi.asm.org 3951 



Killip et al. 



the influenza virus cRNA promoter and identification of nucleotides crit- 
ical for replication. J. Virol. 78:6263-6270. http://dx.doi.org/10.1128/JVI 
.78.12.6263-6270.2004. 

54. Fodor E, Pritlove DC, Brownlee GG. 1995. Characterization of the 
RNA-forl<; model of virion RNA in the initiation of transcription in influ- 
enza A virus. J. Virol. 69:4012-4019. 

55. JVIarq JB, Kolakofsky D, Garcin D. 2010. Unpaired 5' ppp-nucleotides, as 
found in arenavirus double-stranded RNA panliandles, are not recognized 
by RIG-I. J. Biol. Chem. 285:18208-18216. http://dx.doi.org/10.1074/jbc 
.]yil09.089425. 

56. Baudin F, Bach C, Cusack S, Ruigrok RW. 1994. Structure of influenza 
virus RNP. I. Influenza virus nucleoprotein melts secondary structure in 
panhandle RNA and exposes the bases to the solvent. EMBO J. 13:3158- 
3165. 

57. Lee MK, Bae SH, Park CJ, Cheong HK, Cheong C, Choi BS. 2003. A 
single-nucleotide natural variation (U4 to C4) in an influenza A virus 
promoter exhibits a large structural change: implications for differential 
viral RNA synthesis by RNA-dependent RNA polymerase. Nucleic Acids 
Res. 31:1216-1223. http://dx.doi.org/10.1093/nar/gkg214. 

58. Newcomb LL, Kuo RL, Ye Q, Jiang Y, Tao YJ, Krug RiVI. 2009. 
Interaction of tlie influenza A virus nucleocapsid protein with the viral 
RNA polymerase potentiates unprimed viral RNA replication. J. Virol. 
83:29-36. http://dx.doi.org/10.1128/JVI.02293-07. 

59. Honda A, Ueda K, Nagata K, Ishihama A. 1988. RNA polymerase of 
influenza virus: role of NP in RNA chain elongation. J. Biochem. 104: 
1021-1026. 

60. Resa-Infante P, Recuero-Checa iVIA, Zamarreno N, Llorca O, Ortin J. 
2010. Structural and functional characterization of an influenza virus 
RNA polymerase-genomic RNA complex. J. Virol. 84: 10477-10487. http: 
//dx.doi.org/10.1128/JVI.01115-10. 

61. Lee MT, Bishop K, IVIedcalf L, Ehon D, Digard P, Tiley L. 2002. 



Definition of the minimal viral components required for tlie initiation of 
unprimed RNA synthesis by intJuenza virus RNA polymerase. Nucleic 
Acids Res. 30:429-438. http://dx.doi.Org/10.1093/nar/30.2.429. 

62. Turrell L, LyaU JW, Tiley LS, Fodor E, Vreede FT. 2013. The role and 
assembly mechanism of nucleoprotein in influenza A virus ribonucleo- 
protein complexes. Nat. Commun. 4:1591. http://dx.doi.org/10.1038 
/ncomms2589. 

63. Scott PD, IVIeng B, Marriott AC, Fasten AJ, Dimmock NJ. 2011. 
Defective interfering influenza A virus protects in vivo against disease 
caused by a heterologous influenza B virus. J. Gen. Virol. 92:2122-2132. 
http://dx.doi.org/ 10.1 099/vir.0.034 132-0. 

64. Fasten AJ, Scott PD, Edworthy NL, Meng B, iVIarriott AC, Dimmock 
NJ. 201 1. A novel broad-spectrum treatment for respiratory virus infec- 
tions: influenza-based defective interfering virus provides protection 
against pneumovirus infection in vivo. Vaccine 29:2777-2784. http://dx 
.doi.org/10.1016/j.vaccine.2011.01.102. 

65. Tapia K, Kim WK, Sun Y, Mercado-Lopez X, Dunay F, Wise M, Adu JVI, 
Lopez CB. 2013. Defective viral genomes arising in vivo provide critical 
danger signals for the triggering of lung antiviral immunity. PLoS Pathog. 
9:el003703. http://dx.doi.org/10.1371/journal.ppat.1003703. 

66. Strahle L, Garcin D, Kolakofsky D. 2006. Sendai virus defective- 
interfering genomes and the activation of interferon-beta. Virology 351: 
101-111. http://dx.doi.Org/10.1016/j.virol.2006.03.022. 

67. JoJmston iVID. 1981. The characteristics required for a Sendai virus prepara- 
tion to induce high levels of interferon in human lymphoblastoid cells. J. Gen. 
Virol. 56:175-184. http://dx.doi.org/10.1099/0022-1317-56-l-175. 

68. Andrejeva J, Norsted H, Habjan M, Thiel V, Goodbourn S, Randall 
RE. 2013. ISG56/IFIT1 is primarily responsible for interferon-induced 
changes to patterns of parainfluenza virus type 5 transcription and 
protein synthesis. J. Gen. Virol. 94:59-68. http://dx.doi.org/10.1099 
/vir.0.046797-0. 



3952 Jvi.asm.org 



Journal of Virology 



